The overarching goal of this paper was to determine how irrigated areas change with resolution (or scale) 
Introduction
Water and food are the two basic human needs. Water in the form of rain or irrigation is necessary to produce food. Of all water available on this globe only 3 percent is freshwater. Out of this, only 1 percent is available for human use. Though, on average, we have sufficient water to meet human needs, the problem we face is its distribution. The occurrence of floods in one region and droughts in the adjacent region has become a common phenomenon. Such problems are resolved to some extent by means of established irrigation systems. The amount of area under irrigation has gradually increased over years in most countries (see Thenkabail et al., 2006;  http://www.iwmigiam.org/). With the water available for human use, the irrigation sector is the highest consumer of water (70 to 80 percent). One o the most important issues in the world food policy debate is whether additional demand will require large investments in additional irrigation systems or whether increased yields and productivity from rain-fed agriculture can satisfy the growing demand for food (see Molden et al., 2007) . This issue has become increasingly important as water in developing countries is becoming increasingly scarce and water development increasingly expensive, and in some cases, environmentally destructive (Droogers, 2002) . In the current context of water scarcity, it becomes even more important to exactly compute the water available for irrigation and to estimate the efficiency of water use by quantifying the irrigated areas and their production.
Conventional methods of mapping irrigated areas through surveys are time-consuming and tedious. Remote sensing offers a relatively inexpensive and reliable technology to estimate area under irrigation (Thenkabail et al., 2006) . Satellites in space have the capacity to continuously monitor the earth, and hence this technology is better used not only for continuous monitoring of irrigation but also for reporting the changes that occur over time for the management of water resources. There are several methods not only of mapping and reporting areas under irrigation using statistics and geospatial techniques (Siebert et al., 2006) and satellite sensor data (Thenkabail et al., 2006) but for producing maps at various scales and resolutions. But the knowledge and understanding on the effect of the use of different satellite products with different resolutions on the final accuracies of each map produced are limited.
Background and Rationale
A number of studies have been conducted using advanced tools to monitor irrigated agriculture (Thiruvengadachari and Sakthivadivel, 1997; Bastiaanssen et al., 1999; Shakthivadivel et al., 1999; Ambast et al., 2002; Ozdogan, 2003) . These studies primarily used high-spatial-resolution satellite data sets such as Landsat and Indian Remote Sensing Linear Self-Imaging Scanner (IRS LISS) for irrigated area mapping over smaller areas. Draeger (1977) demonstrated the utility of Landsat imagery for fast and cheap estimation of irrigated land area in the Klamath River basin of Oregon. Keene and Conley (1980) used video image analysis techniques to map irrigated areas in Kansas. Thiruvengadachari (1981) used Landsat data to identify irrigation patterns in semiarid areas in India. Rundquist et al. (1989) used Landsat data to make an inventory of central pivot irrigation systems in Nebraska. Abderrahman and Bader (1992) mapped the irrigated areas of the severely arid regions of Saudi Arabia using multitemporal Landsat Multispectral Scanner and Thematic Mapper data. Murthy et al. (1998) used IRS LISS data to derive a cropping calendar for a canal operation schedule in India. Nevertheless, using high-spatial-resolution data over larger areas, especially in global studies, is highly resource-intensive. Furthermore, such studies using time series are resource-intensive at the global level.
However, Thenkabail et al. (2006) demonstrated that mapping irrigated areas over the entire world, using timeseries coarse-resolution satellite data such as from National Oceanic and Atmospheric Administration's (NOAA) Advanced Very High Resolution Radiometer (AVHRR) is practical and powerful. Vidal and Perrier (1990) were among the first users of NOAA-AVHRR images in irrigation management. The most extensive study of irrigation performance assessment was carried out by Alexandridis et al. (1999) using NOAA-AVHRR. They investigated the Indus river basin to identify the irrigated areas and assessed the performance of the irrigation systems. Boken et al. (2004) also demonstrated the potential of NOAA-AVHRR for estimating irrigated areas of three states of the USA. Thenkabail et al. (2005) used Moderate Resolution Imaging Spectroradiometer (MODIS) time series to generate land-use/land-cover (LULC) and an irrigated area mapping exercise for Ganges and Indus River basins in the Indian subcontinent. This study explains all the preprocessing operations and the methods required to handle time-series data sets for irrigated area mapping. Kamthonkiat et al. (2005) described a technique called peak detector algorithm to discriminate between rain-fed and irrigated rice crops in Thailand. This paper used a three-year time series of Satellite Pour l'Observation de la Terre vegetation (SPOT VGT) normalized difference vegetation index (NDVI) to identify cropping intensity. Satakmoto et al. (2006) worked on the Mekong and Bassac River basins to map the spatiotemporal distribution of rice cropping systems using MODIS. Biggs et al. (2006) used MODIS time series combined with ground truth data, agricultural census data and Landsat thematic mapper (TM) data to map surface water irrigation, groundwater irrigation and rainfed ecosystems of the Krishna river basin in the southern Indian peninsula. Biggs et al. (2006) have stressed the importance of NDVI time series to identify and separate different types of irrigation including double-cropping systems, continuous irrigation, irrigated areas with low vegetation vigor and minor and groundwater irrigation. Xiao et al. (2006) mapped rice growing regions in the South and Southeast Asia using multi-temporal MODIS data. Thenkabail et al. (2006) used time composites of NOAA AVHRR (10 km spatial resolution, 10-day composites) along with SPOT vegetation (1 km) and other data sets to derive irrigated areas for the entire world.
The above literature has consistently reported that single date fine-resolution imagery, acquired at critical growth stages, is sufficient to identify irrigation; multi-date time series are needed to distinguish difference between irrigated crop types and derive irrigation intensity (Thiruvengadachari, 1981; Rundquist et al., 1989; Thenkabail et al., 2005 and . Furthermore, time series are absolutely critical for global studies where finer-resolution imagery will be extremely resource-intensive and bring many challenges in data handling. The methods applied for mapping irrigated areas at different scales ranging from field level to global scale are well established and validated (Thiruvengadachari, 1981; Boken et al., 2004; Thenkabail et al., 2006) . But there is no single method that can be applied to all the studies. Although single-date fine-spatial-resolution satellite data help to precisely identify the irrigated areas including minor and informal irrigation they fail to derive intensity of irrigation and cropping calendar of the crop identified. Time-series course-spatial-resolution data can derive intensity of irrigation and cropping calendar of all the crops under irrigation, but acquiring coarse-spatialresolution data has its own advantages, such as availability of cloud-free, time series that can be downloaded for free and processed for near-cloud-free status using techniques like monthly maximum value composites (MVCs) from original daily data. Hence, to precisely identify the irrigated areas and also to derive irrigation intensity and a cropping calendar, there is a need to develop a methodology to integrate the use of both the fine-spatial and coarse-spatialresolution data sets (Thenkabail et al., 2006) . So, there is a need to bridge the gap between the use of fine-resolutionsatellite data and the use of coarse-resolution-satellite data and to modify the existing methodology to derive irrigated areas using fine-resolution satellite data.
It is also obvious that precise estimates of irrigated areas are required to determine a reasonably accurate quantity of water use from irrigated agriculture. This is possible only if we can eliminate the discrepancy that exists in area estimates at various scales and resolutions. The goal of this study was to determine irrigated areas in a region using data from various resolutions or scales. More specifically, we will establish the relationships that exist in determining irrigated areas at various resolutions: AVHRR 10,000 m, MODIS 500 m, MODIS 250 m, and Landsat 30 m. The study was conducted in the Krishna River basin (India), the third largest river basin in India, where irrigation types vary from very largescale surface water to fragmented groundwater. The climate and elevation also vary widely across the Krishna basin making it an ideal study area for this study. In general, since the fragmented minor irrigation is better mapped using finerspatial-resolution data, the hypothesis "the finer the spatial resolution of the sensor data used, greater is the irrigated area derived" is tested in this study.
Methods

Study Area
The study area is the Krishna river basin (Figure 1 ) in India. This basin has various kinds of irrigation, such as major surface water, minor fragmented irrigation from groundwater, small reservoirs, and tanks. Rainfall varies from a very high 2,200 mm in the Western Ghats to 1,100 mm in the delta, to less than 500 mm in most of the middle basins which have a semiarid climate. The elevation also varies from about 1,400 m to a few meters in the delta. The climate is semiarid in the central part of the basin, sub-humid in the eastern delta, and sub humid-to-humid in the Western Ghats (Biggs et al., 2006) . The major cropping season is kharif which Figure 1 . Study area: the Krishna River basin, India. The study was conducted in a very large river basin (258,922 km 2 ) that has large tracks of major and medium irrigated areas (hatched areas as per Central Board of Irrigation and Power (CBIP, 1994) and equally important fragmented informal irrigation from groundwater, small reservoirs and tanks, mostly outside the hatched areas). extends from June to September followed by rabi (December to March). Land is left fallow in summer. These characteristics make the Krishna basin an ideal study site to investigate irrigated areas from various resolutions.
Study Approach
The primary objective of this study is to understand the issue of resolution in mapping irrigated areas. To do so, irrigated areas are mapped at 10,000 m, 500 m, 250 m, and 30 m (see Table 1 ). These maps are produced by more or less similar methodologies, so that the comparison of the areas derived is meaningful. All the data sets were generated for the nominal year of 2000.
Methodology for Mapping Irrigated Areas at Various Resolutions
A consistent set of methods and protocols were espoused and adopted for mapping irrigated areas at various resolutions. The process for each resolution involved the following steps:
• Data set identification including secondary data.
• Image normalization and synthesis including mosaicing and georectification.
• Megafile creation.
• Image masking and segmentation.
• Image classification and class spectra generation.
• Class identification and labeling process and protocols.
• Production of irrigated area maps.
• Area calculations, including sub-pixel area calculations for coarser-resolution-imagery.
In this paper, we discuss these methods and techniques to map irrigated areas using Landsat 30 m spatial resolution ( Figure 2 ). Methods and protocols used for mapping irrigated areas using coarser-resolution data such as AVHRR (see Thenkabail et al., 2006 and 2007a) , and MODIS (Thenkabail et al., 2005; Biggs et al., 2006; Dheeravath et al., 2008) , follow similar approaches as for 30 m with certain inevitable distinctions, such as the use of time series, and calculation of irrigated areas based on sub-pixel areas (SPAs) (Thenkabail et al., 2007b) .
Data Sets used for Mapping Irrigated Areas at 30 m
The 30 m Landsat irrigated area map of the Krishna basin was developed based on the following data sets:
Landsat ETMϩ Data Twenty three Landsat ETMϩ tiles were downloaded from the University of Maryland, Global Land Cover facility website (http://glcf.umiacs.umd.edu/index.shtml). All the images are from the nominal year 2000. All of them except one tile coincide with the main cropping season. One image over the central part of the basin, coinciding with the non-cropping season was classified and dealt with separately. All the Landsat ETMϩ tiles were converted into reflectance to normalize the multi-date effect (Markham and Barker, 1986; Thenkabail et al., 2004) using a model developed in ERDAS Imagine ® (ERDAS, 2007) .
Secondary Data Sets
Other than Landsat ETMϩ tiles, the following secondary data sets were also used:
1. SRTM 90 m Elevation Data: The Shuttle Radar Topography Mission (SRTM) obtained elevation data on a near-global scale to generate the most complete high-resolution digital topographic database of the Earth (Farr and Kobrick, 2000; Rabus et al., 2003; Rodriguez et al., 2005; Farr et al., 2007) . Since the topography of the river basin under investigation is highly diverse, the SRTM elevation data set is useful in separating irrigated areas within the command areas and deltas with low elevations and high elevated areas with forest vegetation. The SRTM data (90 m resampled to 30 m) were also used to perform image segmentation based on elevation values in the basin. 2. MODIS 500 m Data Set: The MODIS 500 m monthly maximum composite data set is derived from the four 8-day composites of each month during 2001. These data are then resampled to 30 m and used in this study by integrating them with the Landsat data. The time series MODIS data help generate the cropping calendar for the classes identified from the Landsat ETMϩ satellite data and help in the process of class identification and labeling. 
Methodology of Mapping Irrigated Areas at 30 m
An overview of the comprehensive methodology for mapping irrigated areas using Landsat ETMϩ 30 m data is presented in Figure 2 . The methodology consisted of the following steps:
Image Normalization
The Landsat images were converted into at-satellite reflectance using a reflectance model built in ERDAS Imagine ® during this project based on the equations and algorithms presented in Markham and Barker (1986) and Thenkabail et al., (2004) . The digital number images were first converted to radiance and then to reflectance using the equations given in Markham and Baker, 1986 and Thenkabail et al., 2004 . The metadata needed for normalization are available in the header files.
Megafile Creation
A megafile consisting of the six non-thermal bands from each of 23 Landsat ETMϩ tiles covering the entire Krishna basin was composed (see Thenkabail et al., 2006) for each segment ( Figure 2 ).
Image Segmentation
The megafile was divided into six distinct zones (see Figure 2 ) based on (a) major irrigation command area zone using India's Central Board of Irrigation and Power (CBIP) command area map, (b) four SRTM-derived elevation zones, and (c) a zone of reservoirs, tanks, and other water bodies. The idea behind the segmentation process is to focus more on the segments having higher amounts of informal and fragmented irrigation classes such as the CBIP command areas. Such segments would be classified into more numbers of classes than the others for better delineation of different irrigated classes using the protocols presented in Figure 2 .
A segment based on the CBIP (1994) boundaries was used to demarcate the command areas irrigated by major and medium surface water reservoirs. The rest of the basin was segmented into four elevation zones as (a) less than 200 m, (b) 200 to 400 m, (c) 400 to 600 m, and (d) greater than 600 m. The SRTM data were used as the source of elevation. A simple model was built to slice the Landsat data into these four categories based on SRTM elevations. A mask was generated based on the simple threshold of mid-infrared ETMϩ band 5 data (reflectance of 4 or less) and/or NDVI data (NDVI value 0.1 or less). This mask was used to extract water bodies from the Landsat data that were later eliminated from the classification process.
Class Spectra Generation
Each segment is then classified using unsupervised ISOCLASS clustering K-means classification (Tou and Gonzalez, 1974) . The number of classes varied from 30 to 250 based on the areas covered by the segment and complexity of landscape. For example, the segment with elevation Ͻ200 m was mostly in delta areas, and 30 initial classes will be sufficient to determine distinct irrigation types. Since the CBIP segment covered large areas with complex irrigated and non-irrigated lands, it was classified into 250 classes.
Class Identification and Labeling Process
The class identification and labeling process involve the use of the following datasets (Figure 2 ):
1. Bispectral plots which represent every unsupervised class in two-dimensional feature space (2-d FS) plotted on red band versus near-infrared band. The mean values of band 3 (red) and band 4 (NIR) for each class were plotted and bispectral plots were derived (see Thenkabail et al., 2005) . From these plots, the mean NDVI values of the classes were grouped into different clusters based on their spatial location. Each such cluster contains classes with more or less identical LULC. Then, each class within a cluster was individually subjected to a protocol of class identification process described in detail by Thenkabail et al. (2005) . 2. NDVI time-series plots which provide time-series "signatures" in terms of NDVI variations in a regular time interval (e.g., month by month). 3. Groundtruth Data Set: A total of 826 groundtruth points collected during several groundtruth missions by the International Water Management Institute (IWMI) (see www.iwmidsp.org) and 12 points from the degree confluence project (see www.confluence.org) were used for (a) class identification and labeling process, and (b) accuracy assessments. 4. Google Earth ® Data Set: Since Google Earth ® provides very high-resolution images from 30 m to sub-meter resolution for free and accessible through the web, this data set was also used for class identification and verification, especially to ascertain whether a class is irrigated or rain-fed croplands. Though Google Earth ® does not guarantee pin point accuracy, the zoom-in views of high-resolution imagery were used to identify the presence of any irrigation structures (e.g., canals, irrigation channels, open wells). It was observed from the digital globe option on Google Earth ® that most of the high-resolution imageries were acquired after the year 2000 and on average, Google Earth ® high resolution imagery are one to three years old (Google Earth ® Help (Bartholome and Belward, 2005) . A subset of the GLC2000 for the Krishna River basin is used. This is a generic 45 class LULC map derived using SPOT VEGETATION at 1,000 m resolution. Classes 33 and 34 of this map correspond to irrigated areas (Agarwal et al., 2003) . These classes were also used in the class verification process.
The confidence of the class identified is increased as a result of multiple comparisons. First, the class is identified based on ground truth data, very high-resolution zoom in views of Google Earth ® imagery, bispectral plots, and timeseries NDVI plots. Second, when the identified class matches the majority of the secondary data, then the class is labeled and treated as resolved. Third, if the class is not definitively identified in the majority of these data sets, then it is sent back for the identification process again. Fourth, all the segments are classified using similar methodologies. In all the segments, each class is subjected to the entire class identification and labeling protocol.
A generic map containing 292 classes was generated by combining classes from all the five segments extracted from Landsat 30 m data. As the generic map contains classes from all the segments, it may contain classes with the same name. Similar classes with identical crop types and cropping intensities are merged to make a series of maps. Finally, a 19 class map with 13 distinct irrigated area classes and six other LULC classes were generated. However, in order to make inter-comparison of irrigated classes derived from MODIS and AVHRR, all distinct irrigated and non-irrigated classes were aggregated to three merged classes: (a) surface water irrigated, (b) ground water/conjunctive use irrigated, and (c) non-irrigated.
The methods for irrigated area mapping at coarser resolution (MODIS 250 m, 500 m, and AVHRR 10,000 m) follow the same approach as described above for Landsat 30 m with some differences in the megafile data-cube (MFDC) compositions (Thenkabail et al., 2006) and adoption of spectral matching techniques to analyze time-series images (Thenkabail et al., 2007a) to produce aggregated two class irrigated and a non-irrigated class maps. Also, the finer resolutions provide full pixels areas (FPAs) which represent actual areas whereas in coarser resolution the FPAs are multiplied by irrigated area fractions (IAFs) to obtain actual areas.
Estimation of Irrigated Areas at Various Resolutions
Once the irrigated areas are mapped, the challenge is to determine precise areas. For finer resolutions (e.g., Landsat 30 m) the full pixel areas (FPAs) constitute actual areas. However, in coarser resolution (e.g., AVHRR, MODIS) sub-pixel areas (SPAs) will constitute actual areas. Hence, determining precise SPAs is a must when coarser resolution imagery is used.
The coarser the resolution of the pixel the greater the mix of land-cover and types within a pixel. So, it is appropriate to determine irrigated areas based on SPA estimation techniques (Thenkabail et al., 2007b) . where SPA is the sub-pixel area, FPA is the full pixel area (FPA), and IAF is the irrigated area fraction of the pixel. The precision of irrigated area estimates depends on precise estimate of IAFs, which were determined using three distinct methods. These methods were: (a) IAF by Google Earth ® very high-resolution "zoom in views" (IAF-GEE), (b) IAF by high-resolution imagery (IAF-HRI), and (c) IAF by sub-pixel decomposition technique (IAF-SPDT). As these methods are described in detail in a recently published paper by Thenkabail et al. (2007b) they will not be discussed here. The mean IAF used in this study is shown in Table 2 .
PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING
Accuracy Assessment
Accuracy assessment was performed on three classes: surface water irrigated, ground water/conjunctive use irrigated, and non irrigated classes in order to compare a similar classes mapped using Landsat ETMϩ, MODIS 500m, MODIS 250m, and AVHRR 10km. Based on the theoretical description given by Congalton and Green (1999) Equations 2, 3, and 4 were used for the estimation of accuracies and errors. Two distinctly different and independent data sets as well as pooled data from the two sources were used to determine robust accuracies, using Equations 2, 3, and 4. These three data sets were: (a) Google Earth ® data (GED), (b) Ground truth data (GTD), and (c) a combination of GED and GTD.
(2) (3) (4) Errors_of_omission ϭ Irrigated_groundtruth_points_falling_on_nonirrigatedundclass Tot_number_of_groundtruth_points_of_irrigated_area_class * 100
Errors_of_commission ϭ Non_Irrigated_groundtruth_points_classified_as_irrigated
Tot_number_of_nonirrigated_groundtruth_points * 100
Accuracy_of_irrigated_class ϭ Groundtruthed_irrigated_points_classificed_as_irrigated
Tot_number_of_groundtruthed_points_of_rrigated_class * 100
A total of 621 data points were used in the pooled datasets for accuracy assessments. The GED points were purely random and consisted of data obtained from 130 locations. There were 491 GTD points gathered during field campaigns. These data points were spatially well distributed and were used for accuracy assessments of three classes consistently generated from four spatial resolutions: 10,000 m, 500 m, 250 m, and 30 m data sets.
Results and Discussion
We will present, first, the results of irrigated areas at various resolutions and, second, the accuracies and errors at which these were mapped. Third, we will enumerate the ability to map irrigated area sources at various resolutions and finally, establish the relationships between resolutions in mapping irrigated areas.
Resolution and Irrigated Areas
The study reported irrigated areas derived from four distinct resolutions: 10,000 m, 500 m, 250 m, and 30 m based on AVHRR, MODIS, and Landsat ETMϩ data (see Table 3 and Figures 3 and 4) . The areas for the coarser resolutions were computed based on IAFs as reported in Table 2 . Figure 4 shows the spatial distribution of the irrigated areas at various resolutions, and Table 3 summarizes their areas. The accuracies and errors of omission and commission for the irrigated areas at various resolutions were established and shown in Table 4 .
The results showed that the irrigated areas increased with decrease in spatial resolution (Figure 3 ; Table 3 ). From the Landsat 30 m resolution data, the irrigated areas were 9.36 million hectares (Mha). From the MODIS 250 m data, the irrigated area was 95 percent of the Landsat 30 m derived irrigated areas (Table 3) . This was further reduced to 92 percent of Landsat 30 m for MODIS 500 m resolution, and to 86 percent of Landsat 30 m for AVHRR Pathfinder 10,000 m ( Figure 3 and Table 3 ). If the areas were calculated considering the FPAs as actual areas, then in such a situation, the coarser resolution will provide areas higher than finer resolution. But coarser resolution FPAs, typically constitute more than one land-cover category within a pixel, and hence calculating areas for any one land-cover category (e.g., irrigated areas) lead to overestimation of areas which can be misleading. The coarser the resolution of the pixel, the greater is the uncertainty in accurate area estimation.
The fragmented minor or informal irrigation (e.g., groundwater, small reservoirs, and tanks) means scattered areas surrounded by heterogeneous non-irrigated landscapes. Figure 5 shows the location of hundreds of small tanks that form an important component of informal irrigation throughout the Krishna basin. An overwhelming proportion of these fragments are captured at Landsat 30 m resolution. At coarser resolutions, these are captured as sub-pixel compositions. When the density of fragmented irrigation is high, the IAF will be high and vice-versa. However, when the density is poor, the pixel may be mapped as non-irrigated. It is possible to underestimate or overestimate the SPAs in coarser-resolution imagery depending on how accurately IAFs are determined (Thenkabail et al., 2007b) .
Accuracies and Errors in Mapping Irrigated Areas at Different Resolutions
The accuracies and errors (Table 4) in mapping irrigated areas were established for three classes (surface water irrigated, ground water/conjunctive use irrigated, and nonirrigated) generated at four spatial resolutions: 10,000 m, 500 m, 250 m, and 30 m. These accuracies and errors (Table  4) were established using 621 pooled data points as well as 130 GED points and 490 GTD points. Landsat 30 m data provided the best accuracies (84 percent) and the least errors of omission (16 percent) and commission (20 percent) when pooled GED and GTD points were used (Table 4 ). These are highly acceptable results. Accuracies were more or less in the same range for MODIS 250 and 500 m data (77 to 79 percent) but the errors of omission (21 to 23 percent) and commission (28 to 32 percent) were higher. However, it was interesting to see that MODIS 500 m data provided slightly better accuracy (by 2 percent) when compared to the MODIS 250 product. This may be attributed to the presence of more spectral bands in the MODIS 500 m data set. The AVHRR accuracies were significantly lower (63 percent), but the errors of omission (37 percent) and commission (25 percent) were nearly similar (Table 4) . It must, however, be noted that most of the errors were as a result of inter-mixing between surface water irrigated versus ground water/conjunctive use irrigated. So, one can expect relatively higher accuracies (and lower errors) if the test was conducted only for irrigated areas (by combining surface and ground water/conjunctive use irrigated classes).
Sources of Irrigation as Determined at Various Resolutions
The irrigated areas based on the two main sources of irrigation were established at all resolutions (Table 3 ). The two main sources of irrigation were (a) major irrigation (areas irrigated from major and medium surface water reservoirs), and (b) minor irrigation (areas irrigated from groundwater, small reservoirs and tanks). First, the estimates derived using Landsat 30 m show that there is a total irrigated area (TIA) of 9.36 Mha within the basin. Out of this, 3.9 Mha (42 percent) of area is irrigated through major sources (surface water) and 5.5 Mha (58 percent) through minor sources (groundwater or conjunctive use) (Table 3) . Second, the trends of the irrigated areas from the two sources using MODIS 250 m and MODIS 500 m remained similar to the trend of Landsat 30 m (Table 3 ). The irrigated area estimates derived using MODIS 250 m showed that TIA within the basin was 8.9 Mha. Out of this 43 percent was irrigated by major sources and 57 percent by minor sources. The irrigated area estimates derived using MODIS 500 m show that TIA within the basin was 8.7 Mha. Out of this, 43 percent was irrigated by major sources and 57 percent by minor sources. Third, the irrigated area estimates derived using AVHRR 10,000 m show that TIA within the basin was 8.1 Mha. Out of this, only 22 percent was irrigated by major sources while 78 percent was irrigated by minor sources. This clearly indicates that at the very coarse resolution of 10,000 m, it is not possible to accurately distinguish between the major and minor sources of irrigated areas.
The spatial distribution of irrigated areas at various resolutions are presented in Figure 4 . It is clear that fragmented irrigated areas are picked up with greater precision at finer resolution. Overall, the two MODIS resolutions provided nearly similar estimates of major and minor irrigations (Table 3) . However, seven-band MODIS 500 m data showed slightly higher accuracy than the higher spatial resolution, two-band MODIS 250 m data set. The AVHRR resolution is too coarse to distinguish between the major and minor irrigation. Landsat 30 m does the best in differentiating major and minor irrigation.
The Krishna basin is considered a hydrologically closing basin. The outflow of water to the ocean is insignificant during normal rainfall years. Generally, it is thought that the increase in the number of irrigation projects and uncon- 1  10000  62  64  63  38  36  37  34  23  25  2  500  65  82  79  35  18  21  46  30  32  3  250  74  78  77  26  22  23  32  27  28  4 3 0 8 2 8 4 8 4 1 8 1 6 1 6 2 6 1 8 2 0 Ground Water Irrigation Class :  1  10 000  60  55  56  40  45  44  54  59  58  2  500  66  70  69  34  30  31  58  44  48  3  250  51  69  64  44  31  36  49  49  48  4 3 0 7 7 7 3 7 4 2 3 2 7 2 6 2 9 4 1 3 8 Non- Irrigation Class:  1  10 000  59  69  66  41  31  34  31  31  31  2  500  48  62  59  52  38  41  15  15  15  3  250  75  64  67  25  56  33  25  17  19  4  3 trolled groundwater abstraction in recent years have led to the basin closure (Venot et al., 2007; Biggs et al., 2007) . In this study, 6,097 small tanks larger than about 5 ha water spread area were mapped by Landsat 30 m data ( Figure 5 ; Table 5 ). The 24 major reservoirs are the main sources of the surface water irrigation within the basin. India's Central Board of Irrigation and Power (CBIP, 1994) has delineated the boundary of command areas for these major reservoirs (Figure 1 ). It is interesting to see from Figure 5 that, the most of the CBIP areas in the upper basin are relatively free from small tanks since large reservoirs are being used for irrigation. The contribution of these major reservoirs to the total irrigation is only 46 percent (Table 5 ). However in the lower basin, since the ground water table level is generally low, large numbers of small tanks are being used for irrigation purposes even within the CBIP areas. In the rest of the area, the reservoirs, small tanks (with water spread areas less than 2,000 ha but greater than 5 ha), and groundwater contribute up to 54 percent of the basin irrigated area; groundwater contributes 74 percent of this 54 percent area. Other remote sensing and GIS data sets such as Global Land Cover map (GLC2000) (Bartholome and Belward, 2005) , MODIS LULC map (Biggs et al., 2006) , and Global Lake and Wetland Data set (GLWD) (Lehner and Doll, 2004) were used to compare the number and the area covered by these water bodies within the Krishna River basin (see Table 6 ). The comparative results (Table 6 ) suggest that none of the existing secondary data could capture the small water bodies present within the PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING study area. The reason for this is the coarse resolution of the data used to build the water bodies' data set. The difference in surface area between the Landsat-derived water bodies in this study and those of other reported studies (Table 6 ) was due to inadequate or non-accounting of small reservoirs, tanks, and groundwater irrigation in other studies which used coarser resolution imagery. Even at Landsat 30 m resolution, there are uncertainties since tanks with areas smaller than 5 ha are missing at this resolution as well. Also, seasonal tanks are missing here since the images are for single dates. These two factors possibly result in a significant number of missing tanks and hence irrigated areas. Biggs et al. (2007) reported that within the Krishna basin, there are nearly 66,000 tanks within Andhra Pradesh alone (eastern part of the Krishna basin). Shiva (1991) also claimed that small tanks are common in the Karnataka region (southwestern region of the Krishna basin). These tanks spatially spread over the basin, tap the drainage flow of rainwater and act as temporary storage structures. Such tanks act as sources of irrigation (both surface water and conjunctive use) for several thousands of hectares of land. Also, these small tanks recharge the groundwater aquifers substantially, and the water is tapped elsewhere for irrigation purposes. Further investigation is required to study the impact of these enormous numbers of water bodies on the basin closure.
Relationships between the Resolutions in Determining Irrigated Areas
A general relationship between irrigated area mapped and the sensor resolution is shown in Figure 3 . Further, relationships linking irrigated areas mapped at different resolutions were developed based on the data for 35 districts (n ϭ 35) within the Krishna basin ( Figure 6 ). These are the districts that fall fully within the basin. The irrigated areas from AVHRR 10,000 m, MODIS 500 m, and MODIS 250 m were derived by applying appropriate irrigated area fractions and compared with irrigated areas derived from 30 m. The relationships in computing irrigated areas between various resolutions were strong with an R 2 value between 0.74 and 0.95 ( Figure 6 ). The higher R 2 values were for closer resolutions: 0.95 between 10,000 m and 500 m: 0.75 between 500 m and 250 m, and 0.85 between 250 m and 30 m. The results imply the possibilities of determining irrigated areas at other resolutions, if the area at any one resolution is known. However, the precise locations of irrigated areas improve only with finer-spatial-resolution data (Figure 4 ).
Precision in Mapping Irrigated Areas across Scales
Investigations were made with reference to the precise physical location of the irrigated pixels across the resolutions. First, to make pixel-by-pixel comparison possible, all the data sets were resampled to 30 m. To ascertain precision of mapping irrigated areas of each product under study and also to achieve pixel by pixel comparison, a model built in ERDAS Imagine ® was used. Results indicate that AVHRR 10,000 m, MODIS 500 m, and 250 m products, had 87 percent, 90 percent, and 95 percent match, respectively, with the Landsat product for total irrigated area without reference to the location of the pixel, and showed 100 percent, 79 percent, and 58 percent match, respectively, with reference to the location of the pixel. The higher match with coarser resolution was due to the very large size of the pixel in coarser-resolution satellites. However, due to the sub-pixel compositions and irrigated area fractions (IAFs), coarser-resolution data had less area than finer-resolution data sets. Also, the coarser-resolution data sets did not have exact representation of irrigated areas as seen by satellite data with spatial resolution of 30 m. But it is interesting to note that the coarser-resolution satellites preserve the overall integrity and ability to identify irrigated areas as a whole.
A Discussion on the Effect of Resolution on Irrigated Areas
Ideally, the area under irrigation or any LULC type should be the same irrespective of being mapped by sensors with different resolutions. However, areas determined from sensors with different resolutions often do not match. Since a single pixel in a coarser-resolution satellite data contains information from more than one feature or land-use type, quantifying the area under each land-use type requires understanding of sub-pixel composition. However, when the irrigated area fractions for each pixel are accurately identified, then areas estimated should be similar irrespective of the resolutions of the sensors under study. Accurate calculation at coarser resolution depends on the accuracy of subpixel area computation that, in turn, is dependent on IAFs. The IAFs were computed in this study based on three methods (Thenkabail et al., 2007b) , and hence they are quite robust. Nevertheless, the accuracies can improve if we have a greater local knowledge of pixel dynamics through greater sampling of pixels during ground truthing. Since the finerresolution satellites cover smaller areas, it is more likely that a single pixel covers more or less similar LULC class and allows fewer errors in the area estimations. Uncertainties in area calculations are always likely to be higher with coarserresolution imagery. Strong relationships exist in areas between resolutions (Figure 6 ), but often there is a consistent under-estimation of areas in coarser resolution imagery.
Conclusions
This study developed relationships between four distinct spatial resolutions: (a) AVHRR 10,000 m, (b) MODIS 500 m, (c) MODIS 250 m, and (d) Landsat ETMϩ 30 m in determining irrigated areas. The outcomes of the research were as follows.
1. The finer the spatial resolution, greater was the irrigated area mapped: The irrigated areas within the Krishna River basin (for the nominal year of 2000) derived using Landsat ETMϩ 30 m was 9.4 Mha. In comparison, the area derived using (a) MODIS 250 m was 8.9 Mha, (b) MODIS 500 m was 8.6 Mha, and (c) AVHRR 10,000 m was 8.1 Mha. This clearly proved our hypotheses that the finer the spatial resolution, greater was the area mapped, demonstrating the ability of the finer resolution data in detecting fragmented irrigated areas better. This concept needs further investigation over different conditions having varying amounts of contiguous and fragmented irrigated areas. However, this hypothesis, in general, would be highly useful to make meaningful inferences and inter-comparisons of any area estimates derived using multi-resolution satellite data. 2. Strengths of Landsat 30m data over coarser resolution data in detecting irrigated areas: When compared to other coarser resolution satellite imagery, the Landsat 30 m data has two distinct strengths in mapping irrigated areas: (a) the ability to precisely determine the geographic location of the irrigated areas, and (b) to locate fragmented and minor irrigation sources such as small reservoirs, tanks, and ground water. 3. Closer the two resolutions, closer were the irrigated areas estimated by them: Comparison of irrigated areas estimated from all the four resolutions (AVHRR 10 km, MODIS 500 m, MODIS 250 m, and Landsat 30 m) revealed that the R 2 values for irrigated areas computed based on any two resolutions varied between 0.74 and 0.95, with better correlations between closer resolutions. 4. Finer spatial resolution is critical for discerning crop types; however, spectral resolution critical to higher accuracies, not just the spatial resolution: The accuracies in mapping irrigated areas varied between 63 and 84 percent with errors of omission not exceeding 37 percent and errors of commission not exceeding 32 percent. The high spectral resolution, MODIS 500 m data set yielded slightly higher classification accuracy when compared to the higher spatial resolution MODIS 250 m data. The finer resolutions, however, can discern crop types more accurately. 5. Importance of irrigated area fractions (IAFs) in accurate determination of irrigated areas: For the coarser-resolution satellite data, it was observed that the accuracies of irrigated area estimates are highly dependent on the accuracies of the irrigated area fractions used. Hence, accurate determination of IAFs is very critical to derive accurate estimates of the irrigated areas.
